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(54) Clean shutdown for internal combustion engine with variable valve timing 



(57) A four-stroke reciprocating internal combustion 
engine is disclosed in which fuel and exhaust vapors are 
purged from the engine manifolds and each cylinder 
when the engine is shut down in orderto minimize emis- 
sions on subsequent engine startup. The engine in- 
cludes combustion chamber defined by a cylinder, a re- 
ciprocating piston contained within the cylinder, and a 
cylinder head. An exhaust port with an exhaust valve is 
in fluid communication with the combustion chamber 
and an exhaust manifold with an emissions control de- 
vice. An intake port with an intake valve is in fluid com- 
munication with the combustion chamber. Upon engine 



shutdown, an engine controller executes a stored pro- 
gram including an engine shutdown sequence in which 
the controller sends signals to a variable valve timing 
system for opening the exhaust valve when the piston 
is in upward motion, later closing the exhaust valve 
when the piston is in upward motion, opening the intake 
valve when the piston is in downward motion, later clos- 
ing the intake valve when the piston is in downward mo- 
tion, and opening the exhaust valve when the piston is 
in upward motion. In this manner, the inertia stored in 
the engine is used to breath the cylinders and manifolds 
at engine shutdown. 
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Descripti n 

TECHNICAL FIELD 

[0001] This invention relates to a four-stroke recipro- 
cating piston internal combustion engine in which fuel 
and exhaust vapors are purged from the engine mani- 
folds and each cylinder when the engine is turned off or 
in a shutdown condition in order to minimize emissions 
on subsequent engine startup. 



BACKGROUND 

[0002] Conventional internal combustion engine star- 
tup is notoriously dirty in terms of emissions. Remnant 
fuel and exhaust vapors from previous engine operation 
are typically trapped in the intake manifold and cylinders 
when the conventional internal combustion engine is 
turned off. These remaining vapors, which are subse- 
quently forced out of the engine and through a cold, in- 
effective catalytic converter at engine startup, are a sig- 
nificant contribution to the overall emissions detected 
during standardized emissions tests. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] These and otherfeatures, aspects, and advan- 
tages of the present invention will become better under- 
stood upon consideration of the following detailed de- 
scription, appended claims and accompanying draw- 
ings in which: 

FIGURE 1 is a representation of an embodiment of 
a variable valve controlled engine that can incorpo- 
rate the present invention; 
FIGURE 1 A is a representation of another embod- 
iment of a variable valve controlled engine that can 
incorporate the present invention; 
FIGURE 2 is a block diagram of a control system 
for use with the engines of FIGURES 1 and 1 A; 
FIGURE 3A is a block diagram of a program that 
may be stored in an engine controller for operating 
the engines of FIGURES 1 and 1A; 
FIGURE 3B is a block diagram of another program 
that may be stored in an engine controller for oper- 
ating the engines of FIGURES 1 and 1 A; 
FIGURES 4A, 4B, 4C, and 4D show a sequence of 
piston movement in a four cylinder variable valve 
controlled engine; and 

FIGURES 5A, 5B, 5C, 5D and 5E show an engine 
shutdown sequence of piston movement in a four 
cylinder variable valve controlled engine in accord- 
ance with the present invention. 

[0004] It should be understood that the drawings are 
not necessarily to scale and that the embodiments are 
sometimes illustrated by graphic symbols, phantom 
lines, diagrammatic representations and fragmentary 



views. In certain instances, details which are not neces- 
sary for an understanding of the present invention or 
which render other details difficult to perceive may have 
been omitted. 

5 

DETAILED DESCRIPTION OF THE INVENTION 

[0005] Referring to FIGURE 1 , there is shown one cyl- 
inder of a multi-cylinder four-stroke cycle reciprocating 
10 internal combustion engine 1 0 in which the present in- 
vention can be practiced. The engine 10 has a cylinder 
11 , a crankshaft 12 with a connecting rod 14 and a re- 
ciprocating piston 16 disposed within the cylinder 11 . A 
cylinder head 17 closes an end of the cylinder 11 and 
15 cooperates with the piston 16 to define a combustion 
chamber 19. The combustion chamber 19 communi- 
cates with an intake port 1 8 and an exhaust port 22 by 
an intake valve 20 and an exhaust valve 24, respective- 
ly. The intake valve 20 is operated by an intake valve 
20 actuator 25 and the exhaust valve 24 is operated by an 
exhaust valve actuator 26. A fuel injector 29 is arranged 
in fluid communication with the intake port 1 8 for inject- 
ing fuel into air in the intake port 18. The exhaust port 
22 is also in fluid communication with an exhaust man- 
25 ifold 42, which is in fluid communication with an emis- 
sions control device 52, such as a catalytic converter, a 
charcoal canister, or other known emissions filtering/re- 
duction device(s). A spark device 36, which may be a 
conventional spark plug known to those skilled in the 
30 art, is mounted in the cylinder head 17 for igniting the 
air-fuel mixture contained in the combustion chamber 
19. While one cylinder, one intake valve, one exhaust 
valve, one intake port, and one exhaust port are shown 
in FIGURE 1 , it should be understood that the present 
35 invention can be used with an engine having multiple 
cylinders, intake valves, exhaust valves, intake ports, 
and exhaust ports. Typically, such a multiple cylinder en- 
gine will have a single exhaust manifold 42 and emis- 
sions control device 52. 
40 [0006] Turning now to FIGURE 1A, there is shown 
one cylinder of another multi-cylinder four-stroke cycle 
reciprocating internal combustion engine 10A in which 
the present invention can be practiced. In the engine 
1 0A of FIGU RE 1 A, a fuel injector 29a is mounted in the 
45 cylinder head 1 7 for injecting fuel directly into the com- 
bustion chamber 19. 

[0007] FIGURE 2 illustrates an engine control system 
for controlling operation of the engine of FIGURE 1 or 
the engine of FIGURE 1 A. An engine controller 30 re- 
so ceives a variety of inputs from engine operating sensors 
32, which include many of the types of sensors known 
to those skilled in the art of engine control and suggest- 
ed by this disclosure. For instance, the engine operating 
sensors 32 may sense parameters such as engine 
55 speed, engine load, air-fuel ratio, intake manifold abso- 
lute pressure, engine intake air mass flow rate, engine 
exhaust temperature, exhaust manifold absolute pres- 
sure, engine temperature, vehicle speed, vehicle gear 
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selection, accelerator position, and other parameters 
known to those skilled in the art and suggested by this 
disclosure. The engine controller 30, which may com- 
prise an electronic engine operating controller drawn 
from many types known to those skilled in the art of au- 
tomotive electronic engine controllers, compares 
sensed operating parameters with predetermined val- 
ues and outputs electrical signals that control various 
engine actuators. For example, in the present invention, 
the engine controller 30 is electrically connected to the 
intake valve actuator 25 and the exhaust valve actuator 
26, and the engine controller 30 outputs electrical sig- 
nals that are used by the intake valve actuator 25 and 
the exhaust valve actuator 26 to control motion of the 
intake valve 20 and exhaust valve 24, respectively. In 
addition, the engine controller 30 is electrically connect- 
ed to the fuel injector 29 (FIGURE 1) or 29a (FIGURE 
1 A) and the spark device 36 for controlling the delivery 
of fuel to the combustion chamber 1 9 and the ignition of 
the air-fuel mixture in the combustion chamber 19. 
[0008] The intake valve 20, the exhaust valve 24, the 
intake valve actuator 25 and the exhaust valve actuator 
26 form part of a variable timing valve system known in 
the art. For example, valvetrains controlled by a variable 
timing electrohydraulic camless valve system are 
shown in U.S. Patent Nos. 5,404,844 and 5,255,641, 
and valvetrains controlled by a variable timing electro- 
magnetic camless valve system are shown in U.S. Pat- 
ent Nos. 5,743,221 and 5,692,463. Each of these pat- 
ents is incorporated herein by reference. These types 
of valvetrains provide flexibility in which the timing of the 
intake valve 20 and the exhaust valve 24 can be varied. 
Accordingly, as used herein, the term "variable valve 
timing system" will be used to describe a valvetrain in 
which the timing of the intake valve 20 and the exhaust 
valve 24 can be varied. For instance, in the preferred 
version of the present invention, the intake valve actu- 
ator 25 and the exhaust valve actuator 26 receive sig- 
nals from the engine controller 30 and enable variable 
timing of the intake valve 20 and the exhaust valve 24. 
[0009] During operation of the engine 1 0 of FIGURE 
1 in accordance with the present invention, the controller 
30 sends a signal to the fuel injector 29 so that fuel is 
injected into air in the intake port 18 from fuel injector 
29 either while the intake valve 20 is closed or open to 
produce an air-fuel mixture. The engine controller 30 re- 
ceives and processes sensed parameters, and the en- 
gine controller 30 commands the intake valve actuator 
25 to operate the intake valve 20 to induce varied levels 
of the air-fuel mixture into the combustion chamber 19 
during the intake stroke to achieve the required load. 
The controller 30 then sends signals to the spark device 
36 to ignite the air-fuel mixture in the combustion cham- 
ber 1 9 as is well known in the art. 
[001 0] During operation of the engine 1 0A of FIGURE 
1 A in accordance with the present invention, the engine 
controller 30 receives and processes sensed parame- 
ters, and the engine controller 30 commands the intake 



valve actuator 25 to operate the intake valve 20 to in- 
duce varied levels of air into the combustion chamber 
1 9 during the intake stroke to achieve the required load. 
The controller 30 then sends a signal to the fuel injector 

5 29a to direct fuel into the air in the combustion chamber 
19. The controller 30 then sends a signal to the spark 
device 36 to ignite the air-fuel mixture in the combustion 
chamber 19 as is well known in the art. 
[001 1 ] The exhaust valve actuator 26 and the exhaust 

10 valve 24 are used to exhaust gas from the exhaust port 
22 during the exhaust stroke of the engine 10 or 10A. 
The engine controller 30 sends an electrical signal to 
the exhaust valve actuator 26. The exhaust valve actu- 
ator 26 then operates the exhaust valve 24 so that ex- 

15 haust gas may flow from the exhaust port 22 during the 
exhaust stroke. 

[0012] Having described engines (engine 10 in FIG- 
URE 1 and engine 10A in FIGURE 1A) in which the 
present invention may be practiced, reference can now 
20 be made to FIGURE 3A, which shows a block diagram 
of a program that can be stored in the engine controller 
30 for operating the engines 10 and 10A in accordance 
with the present invention. At Step 301 , a multi-cylinder 
engine having a construction as in engine 1 0 or 1 0A and 
25 having N (where N is two or greater) cylinders is oper- 
ated according to a normal engine operating sequence 
such as that described above. (It should be noted that 
the engine operation sequence also works for a single 
cylinder engine.) At Step 302, the controller 30 continu- 
30 ally checks the key on/off signal from an engine on/off 
switch, which may be a conventional vehicle on/off 
switch. If the controller 30 senses that the key on/off sig- 
nal is at an "on" level (i.e., the key is in the "on" position), 
the key on/off check returns a "no" value and normal 
35 engine operation continues at Step 301 . 

[0013] If the controller 30 senses that the key on/off 
signal is at an "off" level (i.e., the key is in the "off 1 po- 
sition), the key off check returns a "yes" value and the 
engine shutdown sequence of Steps 303 to 309 is initi- 
40 ated. At Step 303, the controller 30 stops providing a 
fuel injection control signal to each fuel injector 29 or 
29a thereby ceasing fuel injection . It can be appreciated 
by those skilled in the art that if Step 303 begins during 
the fuel injection process (i.e., the controller 30 stops 
45 providing a fuel injection control signal to each fuel in- 
jector 29 or 29a and fuel injection ceases), the result 
would be a lean burn or a single uncombusted misfire 
with fuel vapor content. Therefore, various options may 
be programed for Step 303. For instance, the fuel injec- 
so tion control strategy at Step 303 may include a com- 
mand not to cease a fuel injection in process and delay 
the initiation of Step 303. Alternatively, the fuel injection 
control strategy at Step 303 may immediately cease fuel 
injection, even when a fuel injection is in process. It 
55 should be noted that in many multi-cylinder engines, 
particularly those having more than four cylinders, fuel 
injection may be occurring at the same time in more than 
one cylinder. The fuel injection control strategy at Step 
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303 can account for the operation of these multi-cylinder 
engines by stopping fuel injection on multiple cylinders. 
[0014] At Step 304, the controller 30 identifies one or 
more cylinders that were last receiving fuel injection (the 
"last injected cylinder(s)" designated as "J1 , J2 ... Jn" in 
FIGURE 3A) when Step 303 was initiated. For example, 
if one cylinder was receiving fuel injection when the key 
off signal was received by the controller 30, one last in- 
jected cylinder J1 (n = 1) is identified; if two cylinders 
were receiving fuel injection when the key off signal was 
received by the controller 30, two last injected cylinders 
J1 and J2 (n = 2) are identified; and if V cylinders were 
receiving fuel injection when the key off signal was re- 
ceived by the controller 30, "n" last injected cylinders J1 
to Jn are identified. 

[001 5] At Step 305, the controller 30 sends signals to 
each of the spark devices 36 of last injected cylinders) 
J1 to Jn to ignite the air-fuel mixture in the combustion 
chamber 1 9. Thereafter, the controller 30 stops sending 
spark signals to all of the spark devices 36. At Step 306, 
the engine controller begins a "Purge Mode" of opera- 
tion for all cylinders other than the last injected cylinder 
(s) J1 to Jn of the engine 10 or 1 0A. In Step 306 of FIG- 
URE 3A, "Purge Mode" simply refers to an engine op- 
erating sequence programmed Into the controller 30 in 
which the opening and closing of the intake valve 20 and 
exhaust valve 24 (by way of Intake valve actuator 25 
and exhaust valve actuator 26) are timed to induct air 
into the combustion chamber 1 9 from the intake port 1 8 
during piston downstroke and to thereafter expel the 
contents of the combustion chamber 19 during piston 
up stroke out through the exhaust port 22, the exhaust 
manifold 42, and the emissions control device 52. The 
Purge Mode in an example embodiment is programmed 
such that the intake valve 20 opens just after Top Dead 
Center (TDC) and closes just priorto Bottom Dead Cent- 
er (BDC) of the piston 16, and the exhaust valve 24 
opens just after BDC and closes just priorto TDC of the 
piston 16. Preferably, there is no overlap between the 
opening of the intake valve 20 and the opening of the 
exhaust valve 24, thereby assuring complete cycling of 
intake air through the cylinder 11 minimizing pumping 
losses. 

[001 6] At Step 307, the piston 1 6 of the last injected 
cylinder(s) J1 to Jn has reached BDC after the final 
spark event in the last injected cylinder(s) J1 to Jn. At 
BDC of the piston 16, the Purge Mode is initiated for the 
last injected cylinder(s) J1 to Jn. As detailed above, the 
Purge Mode on the last injected cylinder(s) J 1 to Jn (and 
all other cylinders which are already in the Purge Mode) 
involves: (1 ) opening the exhaust valve 24 when the pis- 
ton 16 is in upward motion thereby expelling the con- 
tents of the combustion chamber 1 9 out through the ex- 
haust port 22, the exhaust manifold 42, and the emis- 
sions control device 52, (2) thereafter closing the ex- 
haust valve 24 after the piston 1 6 has been in upward 
motion for a time period or is at TDC, (3) opening the 
intake valve 20 when the piston 16 is in downward mo- 



tion to induct air into the combustion chamber 19 from 
the intake port 18, and (4) thereafter closing the intake 
valve 20 after the piston 1 6 has been in downward mo- 
tion for a time period or is at BDC. 
5 [0017] It can be appreciated by one skilled in the art 
that intake and exhaust valves often open and/or close 
before and after top and bottom center. For example, 
the last injected cylinder(s) to have a spark event may 
open their associated exhaust valve several degrees 

10 before bottom dead center. For instance, one typical 
profile opens the exhaust valve approximately 65 de- 
grees before bottom dead center as there is not much 
mechanical advantage gained during this part of the ex- 
pansion stroke, and the extra time to exhaust the cylin- 

15 der reduces pressure/work on the up stroke. In this type 
of valve timing arrangement, the preferred Purge Mode 
in which the opening of the exhaust valve 24 occurs 
when the piston 1 6 is in upward motion would not begin 
immediately after the final spark event as the exhaust 

20 valve has already opened approximately 65 degrees be- 
fore bottom dead center of the expansion stroke. 
[0018] At Step 308, the controller 30 follows a pro- 
gram sequence In which the Purge Mode is repeated for 
a preset number of cycles of the engine 10 or 10A. Be- 

25 cause the engine 1 0 or 1 0A uses a camless valvetrain 
in which intake and exhaust valve motion is not con- 
strained by the position of the crankshaft, the intake 
valve 20 and the exhaust valve 24 can be used during 
engine shutdown to purge the engine of fumes jn an ef- 

30 ficient manner using the rotational energy remaining in 
the engine at key-off. In this manner, the fumes that 
would normally be trapped in the engine manifolds and 
cylinders are instead expelled through the warm emis- 
sions control device 52 (e.g., catalytic converter) when 

35 the engine is shut down. As a result, a noticeable im- 
provement in emissions at engine start up can be real- 
ized. After the Purge Mode has repeated for a preset 
number of cycles of the engine 10 or 10A, the intake 
valves 20 and exhaust valves 24 are positioned in an 

40 open position (preferably, half open) by way of intake 
valve actuator 25 and exhaust valve actuator 26. At Step 
309, the engine 10 or 1 0A has been shut down. 
[0019] Turning to FIGURE 3B, there is shown a block 
diagram of another program that can be stored in the 

^5 engine controller 30 for operating the engines 10 and 
1 0A in accordance with the present invention. Steps 301 
and 303 to 309 of the engine control program of FIGU RE 
3B are identical to Steps 301 and 303 to 309 of the en- 
gine control program of FIGURE 3A. However, in Step 

50 302b of FIGURE 3B, an alternative control strategy is 
implemented. In hybrid vehicle control strategies, the 
engine is sometimes shut off when the vehicle is 
stopped (e.g., at a traffic light) to conserve fuel, or at low 
loads when the vehicle is running on motor only. As a 

55 result, the hybrid vehicle engine has additional shut- 
down conditions that are not typically present in a con- 
ventional vehicle. In other words, a hybrid vehicle may 
have various engine shutdown conditions including, 
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without limitation: (1 ) a shutdown condition when the en- 
gine on/off switch is in the off position; (2) a shutdown 
condition when the vehicle is stopped in traffic; and (3) 
a shutdown condition when the vehicle is running on mo- 
tor only at low loads. Accordingly, as used herein, the 
term "shutdown condition" is not limited to engine con- 
ditions in which a vehicle engine on/off switch is in the 
off position. 

[0020] At Step 302b of FIGURE 3B, the controller 30 
continually checks the key on/off signal from an engine 
on/off switch and also continually checks for the initia- 
tion of an engine shutdown condition, such as when the 
engine is shutdown when the vehicle is stopped in traffic 
or when the vehicle is running on motor only at low 
loads. If the controller 30 senses that the key on/off sig- 
nal is at an "on" level (i.e., the key is in the "on" position) 
and that an engine shutdown has not been initiated, the 
engine shutdown check returns a "no" value and normal 
engine operation continues at Step 301 . If the controller 
30 senses that the key on/off signal is at an "off* level (i. 
e., the key is in the "off position) or that an engine shut- 
down condition has been initiated, the engine shutdown 
check returns a "yes" value and the engine shutdown 
sequence of Steps 303 to 309 is initiated as described 
above for FIGURE 3A. In this manner, the fumes that 
would normally be trapped in the engine manifolds and 
cylinders are instead expelled through the warm emis- 
sions control device 52 (e.g., catalytic converter) when 
the engine is in a shutdown condition, such as (i) when 
the engine is turned off, (ii) when the engine is shutdown 
when the vehicle is stopped in traffic, or (iii) when the 
engine is shutdown when the vehicle is running on motor 
only at low loads. 

[0021] Referring now to FIGURES 4A, 4B, 4C, and 
4D, there is shown a schematic example of a typical se- 
quence of piston movement in a four cylinder variable 
valve controlled engine. The four cylinder engine uses 
a firing order of cylinder 11a, cylinder 11c, cylinder 11d 
and cylinder 11b. Looking at FIGURE 4A, cylinder 11a 
is compressing and spark ignited, cylinder 11b is in po- 
sition to exhaust combusted material on piston 16b up 
stroke, cylinder 11c is in position to compress on piston 
1 6c up stroke, and cylinder 1 1 d has just exhausted and 
is in position to start intake on piston 16d downstroke. 
In FIGURE 4B, cylinder 11a is at the bottom of the ex- 
pansion stroke and is in position to exhaust on piston 
16a up stroke, cylinder 11b has completed the exhaust 
stroke and is in position to intake on piston 16b down- 
stroke, cylinder 11c is compressing spark ignited, and 
cylinder 11d has completed the intake stroke and is in 
position to compress on piston 16d up stroke. In FIG- 
URE 4C, cylinder 11 a has completed the exhaust stroke 
and is in position to intake on piston 16a downstroke, 
cylinder 11b has completed the intake stroke and is in 
position to compress on piston 16b up stroke, cylinder 
11c has completed the expansion stroke and is in posi- 
tion to exhaust combusted gases on piston 16c up 
stroke, and cylinder 11 d is compressing and spark ignit- 



ed. In FIGURE 4D, cylinder 11a has completed the in- 
take stroke and is in position to compress on piston 1 6a 
up stroke, cylinder 11b is compressing and spark ignit- 
ed, cylinder 11c has completed exhaust stroke and is in 

5 position to begin intake at piston 16c downstroke, and 
cylinder 11d has completed the expansion stroke and 
will exhaust on piston 16d up stroke. 
[0022] Referring now to FIGURES 5A, 5B, 5C, 5D and 
5E, there is shown an engine shut down sequence of 

10 piston movement in a four cylinder variable valve con- 
trolled engine in accordance with the present invention. 
After the controller 30 detects an engine shutdown con- 
dition as described above for FIGURES 3A and 3B, the 
engine shut down sequence schematically shown in 

15 FIGURES 5A-5E occurs. In the engine operating se- 
quence as shown in FIGURES 5A-5E, it is assumed that 
the fuel injector associated with cylinder 11 a has already 
injected and the fuel injector associated with cylinder 
11c did not inject. After the controller 30 detects an en- 
20 gine shutdown condition, the controller30 stops sending 
fuel control signals to each fuel injector, stops sending 
signals to each spark device (other than those in the last 
injected cylinders)), and sends signals to the intake 
valve actuator 25 and the exhaust valve actuator 26 to 
25 control motion of the intake valve 20 and exhaust valve 
24, respectively. 

[0023] Specifically in the engine shutdown sequence 
of FIGURES 5A-5E, after the controller 30 detects an 
engine shutdown condition, the controller 30 stops 

30 sending signals to each fuel injector, and sends signals 
to each spark device and the intake valve actuator 25 
and the exhaust valve actuator 26 such that; (1 ) fuel in- 
jection ceases, (2) cylinder 11a is spark ignited and 
thereafter all spark events cease, (3) cylinders 11b, 11c 

35 and 1 1 d begin the Purge Mode described above imme- 
diately, and (4) cylinder 11a starts purging after the ex- 
pansion stroke of the piston 16a. In FIGURE 5A, cylinder 
11a is compressed and spark ignited, cylinder 11b has 
completed the expansion stroke and will exhaust on the 

40 up stroke of the piston 1 6b, cylinder 1 1 c has completed 
the intake stroke and will exhaust (non fuel injected) 
fresh air on the up stroke of the piston 1 6c, and cylinder 
11 d has exhausted its contents and will intake fresh air 
on the downstroke of the piston 1 6d. In FIGURE 5B, cyl- 

45 jnder 1 1 a has completed the expansion stroke and is in 
position to exhaust on the piston 1 6a up stroke, cylinder 
11b has completed the exhaust stroke and is in position 
to intake fresh air on the downstroke of piston 1 6b, cyl- 
inder 11c has exhausted fresh air and is in position to 

50 intake fresh air on the downstroke of piston 16c, and 
cylinder 11d has completed intake of fresh air and is in 
position to exhaust fresh air on the up stroke of piston 
16d. In FIGURE 5C, cylinder 11 a has completed the 
exhaust stroke and will intake fresh air for the first time 

55 since shutdown on the downstroke of piston 1 6a, cylin- 
der 1 1 b has completed the intake stroke and will exhaust 
fresh air on the up stroke of piston 1 6b, cylinder 1 1 c has 
completed the intake stroke and will exhaust fresh air 



5 



9 



EP1 217195 A2 



10 



on the up stroke of piston 1 6c, and cylinder 1 1 d has com- 
pleted the exhaust stroke and will intake fresh air on the 
downstroke of piston 16d. In FIGURE 5D, cylinder 11a 
has completed the intake stroke and will exhaust fresh 
air on the up stroke of piston 1 6a, cylinders 1 1 b and 11c 5 
have exhausted fresh air and will intake fresh air on the 
downstroke of piston 1 6b and 1 6c respectively, and cyl- 
inder 1 1 d will exhaust fresh air on the up stroke of piston 
16d. In FIGURE 5E, cylinders 11a and 11d will intake 
fresh air on the downstroke of pistons 16a and 16d re- 10 
spectively, and cylinders 11b and 11c will exhaust fresh 
air on the up stroke of pistons 1 6b and 1 6c respectively. 
[0024] Looking at FIGURES 5A to 5E together, it can 
be seen that once the last injected cylinder 1 1 a has com- 
pleted the expansion stroke as shown in FIGURE 5B, 15 
the cylinders 1 1 a, 1 1 b, 1 1 c and 1 1 d are all in the Purge 
Mode in which (1 ) the exhaust valve 24 is opened when 
the piston is in upward motion (unless the exhaust valve 
24 has already opened during the last ignited expansion 
stroke) thereby expelling the contents of the combustion 20 
chamber 19 out through the exhaust port 22, the ex- 
haust manifold 42, and the emissions control device 52, 
(2) the exhaust valve 24 is thereafter closed after the 
piston 16 has been in upward motion for a time period 
or is at TDC, (3) the intake valve 20 is opened when the 25 
piston 16 is in downward motion to induct air into the 
combustion chamber 1 9 from the intake port 1 8, and (4) 
the intake valve 20 is thereafter closed after the piston 
16 has been in downward motion for a time period or is 
at BDC. in this manner, the fumes that would normally 30 
be trapped in the engine manifolds and cylinders are in- 
stead expelled through the warm emissions control de- 
vice 52 (e.g., catalytic converter) when the engine is 
shut down. 

[0025] Thus, it can be seen that there has been pro- 35 
vided a four-stroke reciprocating piston internal com- 
bustion engine in which fuel and exhaust vapors are 
purged from the engine manifolds and each cylinder 
when the engine is turned off or in a shutdown condition 
in order to minimize emissions on subsequent engine 40 
startup. In addition, there has been provided a clean in- 
ternal combustion engine shutdown method wherein fu- 
el and exhaust vapors that would normally be trapped 
in the intake manifold and cylinders when the engine is 
turned off or shutdown are instead expelled through the 45 
warm catalytic converter when the engine is shut down, 
thereby producing a noticeable improvement in engine 
emissions during engine startup. 
[0026] Although the present invention has been de- 
scribed in considerable detail with reference to certain 50 
embodiments, one skilled in the art will appreciate that 
the present invention can be practiced by other than the 
described embodiments, which have been presented 
for purposes of illustration and not of limitation. There- 
fore, the scope of the appended claims should not be 55 
limited to the description of the embodiments contained 2. 
herein. 



Claims 

1 . A four-stroke reciprocating internal combustion en- 
gine comprising: 

a combustion chamber defined by a cylinder, a 
reciprocating piston contained within the cylin- 
der, and a cylinder head; 
an exhaust port in fluid communication with the 
combustion chamber and an exhaust manifold, 
the exhaust port including an exhaust valve, the 
exhaust manifold being in fluid communication 
with an emissions control device; 
an intake port in fluid communication with the 
combustion chamber for directing intake air into 
the combustion chamber, the intake port includ- 
ing an intake valve; 

a fuel injector positioned to direct fuel into the 
intake air to create an air-fuel mixture; 
a spark device located in the cylinder for ignit- 
ing the air-fuel mixture in the combustion cham- 
ber; 

at least one sensor for sensing at least one en- 
gine operating condition; and 
a controller, responsive to each sensor, for pro- 
viding fuel injector control signals to the fuel in- 
jector for operating the fuel injector, for provid- 
ing spark device control signals to the spark de- 
vice for operating the spark device, and for pro- 
viding valve control signals to a variable valve 
timing system for operating the exhaust valve 
and the intake valve, the controller executing a 
stored program to: 

(a) sense when the engine is in a shutdown 
condition, 

(b) thereafter cease fuel injection from the 
fuel injector, 

(c) thereafter operate the spark device to 
ignite the air-fuel mixture in the combustion 
chamber, 

(d) thereafter open the exhaust valve, 

(e) thereafter close the exhaust valve after 
the reciprocating piston has been in up- 
ward motion for a time period, and 

(f) thereafter open the intake valve when 
the reciprocating piston is in downward 
motion, 

(g) thereafter close the intake valve after 
the reciprocating piston has been in down- 
ward motion for a time period, and 

(h) thereafter open the exhaust valve when 
the reciprocating piston is in upward mo- 
tion. 

The engine of claim 1 wherein the controller exe- 
cutes a stored program to: 
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(i) repeat steps (e) to (h) at least one time; and 
(j) thereafter open the intake valve. 

3. The engine of claim 1 wherein step (b) of the stored 
program comprises sensing whether fuel injection 5 
is in process and ceasing fuel injection from the fuel 
injector after fuel injection is complete. 

4. The engine of claim 1 wherein: 

10 

step (d) comprises opening the exhaust valve 
immediately after upward motion of the recip- 
rocating piston begins, 

step (e) comprises closing the exhaust valve 
immediately before upward motion of the recip- 15 
rocating piston ends, 

step (f) comprises opening the intake valve im- 
mediately after downward motion of the recip- 
rocating piston begins, and 
step (g) comprises closing the intake valve im- 20 
mediately before downward motion of the re- 
ciprocating piston ends. 

5. The engine of claim 1 wherein: 

25 

the engine includes an engine on/off switch in- 
cluding an off position, the engine on/off switch 
capable of being moved into the off position to 
turn off the engine, and 

step (a) comprises sensing when the engine 30 
on/off switch has been moved into the off posi- 
tion. 

6. A four-stroke reciprocating internal combustion en- 
gine comprising: 35 

at least two combustion chambers, each com- 
bustion chamber being defined by a cylinder, a 
reciprocating piston contained within the cylin- 
der, and a cylinder head; 40 
an exhaust port in fluid communication with 
each combustion chamber, each exhaust port 
including an exhaust valve, each exhaust port 
being in fluid communication with an exhaust 
manifold, the exhaust manifold being in fluid 45 
communication with an emissions control de- 
vice; 

an intake port associated with and in fluid com- 
munication with each combustion chamber for 
directing intake air into the combustion cham- 50 
ber, each intake port including an intake valve; 
a fuel injector positioned to direct fuel into the 
intake air in each combustion chamber to cre- 
ate an air-fuel mixture in each combustion 
chamber; 55 
a spark device located in each cylinder for ig- 
niting the air-fuel mixture in each combustion 
chamber; 



at least one sensor for sensing at least one en- 
gine operating condition; and 
a controller, responsive to each sensor, for pro- 
viding fuel injector control signals to each fuel 
injector for operating each fuel injector, for pro- 
viding spark device control signals to each 
spark device for operating each spark device, 
and for providing valve control signals to a var- 
iable valve timing system foroperatingeach ex- 
haust valve and each intake valve, the control- 
ler executing a stored program to: 

(a) sense when the engine is in a shutdown 
condition, 

(b) thereafter cease fuel injection from 
each fuel injector and identify a last inject- 
ed combustion chamber wherein the com- 
bustion chamber was receiving or had last 
received fuel from the fuel injector when 
the controller sensed that the engine was 
in a shutdown condition, 

(c) thereafter operate the spark device as- 
sociated with the last injected combustion 
chamber to ignite the air-fuel mixture in the 
last injected combustion chamber, 

(d) open each exhaust valve of each com- 
bustion chamber other than the last inject- 
ed combustion chamber when each recip- 
rocating piston is in upward motion, 

(e) thereafter close each exhaust valve of 
each combustion chamber other than the 
last injected combustion chamber after 
each reciprocating piston has been in up- 
ward motion for a time period, 

(f) open each intake valve of each combus- 
tion chamber other than the last injected 
combustion chamber when each recipro- 
cating piston is in downward motion, 

(g) thereafter close each intake valve of 
each combustion chamber other than the 
last injected combustion chamber after 
each reciprocating piston has been in 
downward motion for a time period, 

(h) thereafter open each exhaust valve of 
each combustion chamber other than the 
last injected combustion chamber when 
each reciprocating piston is in upward mo- 
tion, 

(i) after the spark device has ignited the air- 
fuel mixture in the last injected combustion 
chamber, cease operation of the spark de- 
vice and open the exhaust valve of the last 
injected combustion chamber, 

(j) thereafter close the exhaust valve of the 
last injected combustion chamber after its 
associated reciprocating piston has been 
in upward motion for a time period, 
(k) thereafter open the intake valve of the 
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last injected combustion chamber when its 
associated reciprocating piston is in down- 
ward motion, 

(I) thereafter close the intake valve of the 
last injected combustion chamber after its s 
associated reciprocating piston has been 
in downward motion for a time period, and 
(m) thereafter open the exhaust valve of 
the last injected combustion chamber 
when its associated reciprocating piston is 10 
in upward motion. 

7. The engine of claim 6 wherein the controller exe- 
cutes a stored program to: 

15 

(n) repeat steps (e) to (h) at least one time; 
(o) repeat steps (j) to (m) at least one time; 
(p) thereafter open each intake valve of each 
combustion chamber other than the last inject- 
ed combustion chamber; and 20 
(q) thereafter open the intake valve of the last 
injected combustion chamber. 



step (k) comprises opening each intake valve 
of the last injected combustion chamber imme- 
diately after downward motion of the reciprocat- 
ing piston begins, and 

step (I) comprises closing each intake valve of 
the last injected combustion chamber immedi- 
ately before downward motion of the recipro- 
cating piston ends. 

10. The engine of claim 6 wherein: 

the engine includes an engine on/off switch in- 
cluding an off position, the engine on/off switch 
capable of being moved into the off position to 
turn off the engine, and 
step (a) comprises sensing when the engine 
on/off switch has been moved into the off posi- 
tion. 



8. The engine of claim 6 wherein step (b) of the stored 
program comprises sensing whether fuel injection 25 
is in process and ceasing fuel injection from each 
fuel injector after fuel injection is complete. 



9. The engine of claim 6 wherein: 



30 



step (d) comprises opening each exhaust valve 
of each combustion chamber other than the last 
injected combustion chamber immediately af- 
ter upward motion of the reciprocating piston 
begins, 35 
step (e) comprises closing each exhaust valve 
of each combustion chamber other than the last 
injected combustion chamber immediately be- 
fore upward motion of the reciprocating piston 
ends, 40 
step (f) comprises opening each intake valve of 
each combustion chamber other than the last 
injected combustion chamber immediately af- 
ter downward motion of the reciprocating piston 
begins, 45 
step (g) comprises closing each intake valve of 
each combustion chamber other than the last 
injected combustion chamber immediately be- 
fore downward motion of the reciprocating pis- 
ton ends, so 
step (i) comprises opening each exhaust valve 
of the last injected combustion chamber imme- 
diately after upward motion of the reciprocating 
piston begins, 

step (j) comprises closing each exhaust valve 55 
of the last injected combustion chamber imme- 
diately before upward motion of the reciprocat- 
ing piston ends, 
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Normal Operation. Engine Running. 
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No 



Cease Fuel Injection on All Cylinders 



Identify Last Cylinder(s), J1, J2 ... Jn, 
to receive Fuel Injection 



Spark Cylinder(s), J1, J2 ... Jn f on 
Schedule at previously Set Crank Angle, 
Then cease All Spark Events 



Begin Purge Mode on Other (N-n) 
Cylinders 



At Subsequent Bottom Dead Center 
of Cylinders). J1, J2 ... Jn, Begin 
Purge Mode on Cylinder(s), J1, J2 ... Jn 



Continue Purging for preset Number of 
Cycles, Then Have Valves Assume 
Half-Open, Rest Position 



c 



Engine is Shut Down 
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Figure 3B 
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Normal Operation. Engine Running. 




Identify Last Cytinder(s), J1, J2 ... Jn, 
to receive Fuel Injection 



Spark Cylinder(s), J1, J2 ... Jn, on 
Schedule at previously Set Crank Angle, 
Then cease All Spark Events 



Begin Purge Mode on Other (N-n) 
Cylinders 



At Subsequent Bottom Dead Center 
of Cylinder(s), J1, J2 ... Jn, Begin 
Purge Mode on Cylinder(s), J1, J2 ... Jn 



Continue Purging for preset Number of 
Cycles, Then Have Valves Assume 
Half-Open, Rest Position 



c 



Engine is Shut Down 
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(54) Clean shutdown for internal combustion engine with variable valve timing 

(57) A four-stroke reciprocating internal combustion 
engine is disclosed in which fuel and exhaust vapors are 
purged from the engine manifolds and each cylinder 
when the engine is shut down in order to minimize emis- 
sions on subsequent engine startup. The engine in- 
cludes combustion chamber defined by a cylinder, a re- 
ciprocating piston contained within the cylinder, and a 
cylinder head. An exhaust port with an exhaust valve is 
in fluid communication with the combustion chamber 
and an exhaust manifold with an emissions control de- 
vice. An intake port with an intake valve is in fluid com- 
munication with the combustion chamber. Upon engine 
shutdown, an engine controller executes a stored pro- 
gram including an engine shutdown sequence in which 
the controller sends signals to a variable valve timing 
system for opening the exhaust valve when the piston 
is in upward motion, later closing the exhaust valve 
when the piston is in upward motion, opening the intake 
valve when the piston is in downward motion, later clos- 
ing the intake valve when the piston is in downward mo- 
tion, and opening the exhaust valve when the piston is 
in upward motion. In this manner, the inertia stored in 
the engine is used to breath the cylinders and manifolds 
at engine shutdown. 
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